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Planet Formation Ladder
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Drazkowska et al. (2023; Protostars and Planets VII)W. Lyra



Sun

High pressure

Low pressure

Gas

Grains

The gas has some pressure support (sub-Keplerian).

The grains do not feel gas pressure (Keplerian).

Headwind and Dust Drift
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Streaming Instability

The grain drift is hydrodynamically unstable

Lesur et al. (2023)

Youdin & Goodman ‘05, Johansen & Youdin ‘07, Youdin & Johansen+ ‘07, Kowalik+ ’13, Lyra & Kuchner ‘13, Schreiber+ ‘18, Klahr 
& Schreiber ’20, Simon+ ‘16, ‘17, Carrera+ ‘15, ‘17, ‘20, Gole+ ’20, Li+ ‘18, ‘19, Abod+ ’19, Nesvorny+ ’19, Canas+ ‘24

Johansen & Youdin (2007)

W. Lyra

4



How can the 

streaming instability 

hypothesis be verified?
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Kuiper Belt Cold Classical Binaries : Preference for Prograde

W. Lyra
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Nesvorny+’19

Counting binaries: Preference for Prograde (~80%)

W. Lyra

SI Model (solid)
KBOs (dashed)

Video credit: Rixin Li
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Evidence for streaming instability? Protoplanetary disks

Stammler et al. (2022)
W. Lyra
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Open Questions on Streaming Instability

• Numerical convergence

• Clumping boundary

• What is happening sub-grid scale?

• Formation at special locations vs continuous area 

• Can we observe the filaments?

W. Lyra



Metallicity

Metallicity threshold?

Carrera et al. (2015)Lesur et al. 2023
W. Lyra
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Metallicity threshold?

No planetesimals

Planetesimals

Z = Z☉ 10[Fe/H]

[Fe/H]

W. Lyra
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Clumping Threshold Problem

Li & Youdin 2021 Lim et al. 2024 Lim et al. 2025

W. Lyra
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Baronett, Lyra et al. (2026)

Numerics? Are the codes agreeing?

W. Lyra
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Problem: Run BA

• Johansen & Youdin (2007)

• (Stokes number) 𝜏s ≡ ΩK𝑡s = 1

• Dust-to-gas ratio 𝜖 ≡
𝜌p

𝜌g,0
= 0.2

• Grid resolutions

• 5122

• 𝑛p = 1, 9 (> 260K, 2.3M particles)

• 10242

• 𝑛p = 1 (> 1M particles)

W. Lyra 14
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Baronett+ 24 20482

W. Lyra



Codes and Numerical Methods
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512²
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512²
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Baronett+ 24 Baronett+ 
(in prep.)

Athena
Athena++ (5122 Fiducial Grid Resolution)
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Fiducial Grid Resolution (5122)

W. Lyra



Baronett+ 24 Baronett+ 
(in prep.)

Athena
Higher Particle Resolution (5122 grid): PLUTO
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𝑛p = 1 𝑛p = 9

Slide by S. Baronett



Higher Particle Resolution (5122 grid)
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Higher Particle Resolution (5122 grid)
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Higher Particle Resolution (5122 grid)
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1024²
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Higher Grid Resolution (10242)
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Higher Grid Resolution (10242)
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Higher Grid Resolution (5122 - 10242)
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Stochasticity: Athena++ vs. PLUTO particles
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Agreement must be inherently statistical

Slide by S. Baronett
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Follow-up: Clumping Boundary

Lesur et al (2023, Protostars & Planets VII, Chapter 13)
Lim et al. (2025)

W. Lyra
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Planetesimal Formation: Special locations vs continuous area

Special locations: Snowline, viscosity transitions (dead/active zone of any instability), planetary gap edges 

W. Lyra
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Bennu parent body

Lyra, Johansen, Lauretta (in prep)W. Lyra
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Sub-gridscale collapse

Polak & Klahr (2023)W. Lyra



Stern et al. (2023)

Sub-gridscale collapse :Evidence for 1-10 km-sized “mounds”?

W. Lyra
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Dust Models

• High densities matter for planetesimal formation thresholds

• At 1024², particle–fluid differences shrink (~50% gap)

• Dust fluid sims should use a higher minimum grid resolution (> 2562/𝐻2)

• Particle methods

• Trades fluid grid errors for interpolation errors, reduced with better kernels

• Load-balancing issues for performance

• Fluid methods

• No stream crossing (cf. moment-method radiation transport)

• May crash under steep gradients (finite-difference Pencil code)

• Neither model clearly superior among results

• Advanced fluid models emerging (Binkert 2023; Lynch & Laibe 2024)

35
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Conclusions

• All codes capture the same SI progression: 

growth → filaments → turbulence

• Dust model is the main source of variation;             
• particles reach higher densities than fluids

• (hint of convergence?)

• Convergence improves at higher resolution

• Fluids need finer grids

• Particles face higher cost from load-imbalance

• Agreement inherently statistical.
36
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